ABSTRACT Several methods have been developed for suppression of endogenous spermatogenesis in recipient males before spermatogonial stem cells transfer. Currently the chemical treatment with alkylating agent busulfan is the method of choice in mammals. Still, in different mammalian species wide variability in optimal doses of busulfan has been demonstrated, whereas in birds, the dosage has not yet been optimized. We tested the sterilizing effect of several busulfan doses: 20, 40, and 60 mg/kg of BW as a single or double intraperitonial injections in pubertal-age roosters. It was found that the 20 to 40 mg/kg of BW doses effective in mice did not lead to suppression of spermatogenesis in birds. A single high dose of busulfan (60 mg/kg of BW) resulted in the death of all treated chickens, whereas the same amount of busulfan applied in 2 doses resulted in considerable suppression of spermatogenesis in majority of treated birds. Application of busulfan in several doses also caused less physiological stress than singledose application.
INTRODUCTION
Spermatogonial stem cells (SSC) transplantation is a powerful technology to study spermatogenesis and the biology of the stem cells (Olive and Cuzin, 2005) . It also provides a new approach for production of transgenic animals by introducing transgenes into SSC before transplantation. In this method, donor SSC are introduced into the seminiferous tubule lumen of testes of the sterile recipient to initiate donor-derived spermatogenesis (Brinster and Avarbock, 1994) . For SSC transplantation to produce only donor-derived sperm, it is essential to use sterile recipients. Several methods have been developed in mammals, mainly mice, including radiation (Withers et al., 1974; Meistrichet al., 1978) , chemical treatment (Brinster and Avarbock, 1994) , experimental cryptorchidism (Nishimuneet al., 1978) , vitamin A deficiency (van Pelt et al., 1996) , and mutations leading to male sterility (Chubb and Nolan, 1985) .
Currently, chemical treatment with busulfan is the method of choice in SSC transplantation experiments in birds (Li et al., 2008; Yu et al., 2010) . Busulfan (1,4-butanediol dimethanesulfonate) is an alkylating agent that has been shown to induce a high sterility in rodents at doses that do not seriously affect other organ systems (Brinster and Zimmermann, 1994; Kim et al., 1997; Ogawa et al., 1997; Dobrinskiet et al., 2000) . There is a large variability in the sterilizing doses of busulfan in different species: 6 to 100 mg/kg of BW in rodents (Bucci and Meistrich, 1987; Kim et al., 1997) , 40 to 100 mg/kg of BW in pigs (Kim et al., 1997) , and 4 to 12 mg/kg of BW in coyotes (Stellflug et al., 1985) . Busulfan has been shown to have a similar effect on primordial germ cells in developing avian embryos (Reynaud, 1981; Song et al., 2005) and SSC in adult birds (Li et al., 2008; Yu, et al., 2010) . Doses of busulfan applied to the avian embryos varied from 250 to 420 μg per egg (Aige-Gil and Simkiss, 1991; Furuta and Fujihara, 1999) , whereas in adult birds, the amount of injected busulfan varied between 35 and 60 mg/kg of BW (Li et al., 2008; Chen et al., 2009; Yu et al., 2010) .
In the adult testis, SSC are a rare population, making up 0.02 to 0.2% of testis cells. The immature recipient testis lacks the multiple layers of germ cells which should facilitate access of the transplanted donor SSC to the tubular basolateral compartment. It has been reported that colonization efficiency and the area colonized per donor stem cell were 9.4 and 4.0 times higher in immature rat testes compared with sexually mature rats (Shinohara et al., 2001) . In chicken, testes undergo dramatic increase in mass (75% of weight gain) during 2 to 3 wk following light stimulation. So during the The effect of busulfan treatment on endogenous spermatogonial stem cells in immature roosters M. Tagirov * † and S. Golovan * 1 period before light stimulation, the immature testis of roosters might be more receptive for SSC transplantation. The goal of this project was to test the effect of busulfan at different dosage regimens on immature testis to achieve effective sterilization of cocks.
MATERIALS AND METHODS

Experimental Birds and Treatments
Thirty-one Single Comb White Leghorn breed male chickens reared on the University of Delaware Experimental Farm were used for the experiments. The chickens were fed ad libitum and kept in one group on the floor up to 80 d of age, after which they were transferred to smaller groups of 1 to 3 roosters per cage, and after 10 d of adaption, injected with the first dose of busulfan. The birds were kept under controlled husbandry conditions: 16L:8D, 22 to 24°C, and 55 to 60% RH. Photostimulation was started at 125 d of age. The health of the roosters and feed and water intake were monitored daily. All chickens were maintained and treated in accordance with the Guide for the Care and Use of Agricultural Animals in Research and Teaching (3rd edition, 2010) .
Intraperitonial injection of busulfan (Cat. No. B2635, Sigma Chemical Co., St. Louis, MO) was performed as described by Gardner et al. (2004) . Briefly, busulfan was dissolved in dimethylsulfoxide (DMSO; Cat. No. D8418, Sigma Chemical Co.) at a concentration of 8 mg/mL. Just before the injection, an equal volume of heated (37°C) sterile distilled water was added to reach a final concentration of 4.0 mg/mL. It should be noted that solubility for busultan is poor, and to prevent precipitation, busulfan/DMSO was mixed with water just before use.
The roosters were randomly allocated to experimental groups consisting of at least 5 birds ( Table 1 ). The birds were weighed and given the first dose of busulfan (Sigma Chemical Co.) at 90 d of age. The second dose injection was made 10 d later. Roosters in the control group (n = 4) received a single injection of 10 mL of 1:1 mixture of DMSO and water. The BW was measured at the day of first busulfan injection (90 d of age) and at the slaughtering day (160 d of age). Following busulfan treatment, the roosters were maintained for 1 mo before training for semen collection.
Semen Collection
Roosters were trained and semen was collected using the conventional abdominal massage technique according to Burrows and Quinn (1937) . After 30 d of recovery, the roosters were trained for 5 d for semen production, and the number of semen-producing birds was monitored for 22 d. The number of spermatozoa per ejaculate was counted using the hemocytometer under the light microscope NICON Eclipse TS 100 (Nikon, Melville, NY), and total volume of semen was measured using an analytical balance.
Histological Analysis
Two weeks after the last semen collection at the age of 160 d, the chickens were humanely killed by cervical dislocation and the testes were isolated and prepared for histology. The slices of gonads were placed in formalin solution for 24 h at room temperature, dehydrated with alcohol, embedded in paraffin, and serially sectioned (4.5 μm) with a Leica 2000 microtome; sections were stained with hematoxylin and eosin (Carson, 1997) . Several sections were inspected from randomly chosen portions in each testis by bright field microscopy. Samples were analyzed using the microscope NI-CON Eclipse TS 100 with attached digital Spotfirecamera (Diagnostic Instruments, Sterling Heights, MI). All images were acquired digitally using Spotfire Software. The rate of spermatogenesis suppression, the diameter of seminiferous tubules, and the number of SSC on the tubule basal membrane were analyzed.
Statistical Analysis
Data were analyzed using ANOVA with Dunnett's multiple comparison test and carried out on GrafPad Prism, Version 5.1. software. Differences were considered to be significant when P < 0.05. Data were reported as mean ± SEM.
RESULTS
General Health and BW
Out of 31 birds in the study, 5 (16%) that received a single injection of 60 mg/kg of busulfan died during 10 h after injection, indicating acute toxicity of treatment. The same amount of busulfan in 50% DMSO applied in 2 doses (40 + 20 mg) was tolerated well. The health status of experimental birds in other groups remained good throughout the study. Body weight gain was measured during the course of the experiment (Figure 1 ). One bird with the negative value of BW gain (−0.44 kg) in the 40+20 mg group was excluded from the statistical analysis as it lost almost 30% of BW compared with no change in BW for other members of the same treatment group. Application of busulfan had no noticeable effect on BW gain in the 20-mg group (+0.452 ± 0.079 kg; P > 0.05) and a moderate effect in the 20+20-mg group (+0.282 ± 0.044; P > 0.05) compared with the control group (+0.468 ± 0.083 kg). Significantly lower weight gain was observed in the 40-mg group (+0.016 ± 0.058 kg; P < 0.0001) and the 40+20-mg group (−0.04 ± 0.024; P < 0.0001). Single and double injections of the same amount of busulfan (20+20 and 40-mg groups) had significantly different effects on the BW gain (P < 0.007).
Testes Weight
Testicular weight was measured at 160 d of age. There was a general trend in decreased testicular weight with increasing busulfan dose, indicating suppression of spermatogenesis (Figure 2) . The 20+20 and the 40-mg groups showed a similar testicular weight (20.1 ± 2.2 g and 21.4 ± 2.3 g, respectively) which was 30% lower in comparison with the control group (30.2 ± 0.65 g; P > 0.05). In the most affected 40+20-mg group, testicular weight varied from normal (33.4 g) to very low (0.38 g), with affected birds showing 4-fold decreased testicular weight (7.7 ± 3.46 g), indicating significant germ cells depletion (P < 0.0007). Interestingly, injection of busulfan also resulted in dose-dependent developmental retardation of the secondary sex characteristics, such as comb, wattle, and spur sizes in some birds.
Sperm Production
Semen production efficiency showed the same trend as the testicular size, with the most affected 40+20-mg group demonstrating significantly suppressed spermatogenesis (2.56 × 10 8 ± 9.61 × 10 7 ; P < 0.05; Figure  3 ). Also in this group, 2 roosters produced only plasma without sperm cells. In the other groups, the sperm production was suppressed in comparison with the control group but the change was not statistically significant (control, 1.02 × 10 9 ± 2.4 × 10 8 ; 20-mg group, 6.62 × 10 8 ± 1.47 × 10 8 ; 40-mg group, 9.98 × 10 8 ± 1.93 × 10 8 ; 20+20-mg group, 7.65 × 10 8 ± 2.54 × 10 8 ). In all treated groups, there was a delay in start of spermatogenesis compared with the control group. During the period of observation, the semen production in the majority of busulfan-treated roosters had recovered to the control level (Figure 4 ).
Histology
Histology of the testes collected at the end of observation revealed that the seminiferous epithelia of the control and all but the 40+20-mg group of birds showed undisturbed spermatogenesis and no obvious degenerative changes ( Figure 5A ). Testes of roosters in other groups had normal appearance and functional spermatogonial epithelium, even though the relative size of testes was often reduced ( Figure 5B ). The diameter of seminiferous tubules in the birds from the 40+20-mg group was 5-to 10-times smaller than that of the control group, and germ and Sertoli cells were absent. In another bird from the same group, spermatogonial epithelium of about 50% seminiferous tubules had transient appearance, with only a few SSC detected on the basal membrane (from 5 to 15 cells counted along the tubule's diameter) and a thin layer of spermatocytes ( Figure 5C ). Although sperm maturation activity was not seen in these tubules, some rare mature sperm cells could be distinguished in the lumen which may indicate that the different parts along the seminiferous tubules may recover at a different rate. 
DISCUSSION
Although the process of spermatogenesis is basically identical in all higher animals, birds have their own biological and physiological peculiarities. Birds are the only taxon among all the other homeothermic animals that has developed the unique system of spermatogenesis operating at body temperature (40-41°C; Beaupré et al., 1997) . In mammalian species, 3 types of spermatogonia are identified: SSC (reserve and not dividing cells), dividing spermatogonia, and differentiating spermatogonia. Renewal and differentiation of SSC take place in different compartments on the basal membrane of seminiferous tubules, ensuring specific niche for stem cell development (Wistuba et al., 2007) . On the contrary, in birds, renewal and differentiation of spermatogonial cells take place in the same compartment, and it seems that avian testes lack the reserve pool of nondividing stem cells (Jones and Lin, 1993) . This difference in avian germ cell maturation is associated with much more intensive sperm production in birds compared with the mammals. It has been suggested that because of poor viability of sperm cells in extragonadal tracts and fast germ cell transit, spermatogenesis in birds takes place 4-times faster and the number of spermatozoa per testis mass unit is 4-times higher than in mammals (Jones and Lin, 1993) . Due to these unique spermatogenesis features, application of techniques developed for mammalian species in birds may not always give the expected result.
In this trial, injection of gonadotoxic agent busulfan into the pubertal roosters was used to induce testes sterility. The optimal dose would result in rooster sterility with little negative effects on the somatic environment of testes and overall bird's health, which would allow the complete restoration of spermatogenesis after transfer of donor SSC. In mice, busulfan-induced sterility can be temporary (13-28 mg/kg of BW) or permanent at the higher doses (28-40 mg/kg) with ability to re-establish spermatogenesis after transplantation of donor SSC (Bucci and Meistrich, 1987) . In birds, the injection of busulfan at 40 to 60 mg/kg of BW resulted in only partial suppression of spermatogenesis (Li et al., 2008; Chen, et al., 2009 , Yu et al., 2010 . In addition, possibly due to busulfan-mediated damage to the somatic tissue of testes, the normal level of semen production was not re-established even 85 d after donor SSC transplantation.
In the current study, injection of a single high dose of busulfan (60 mg/kg) resulted in acute toxicity and death of all injected birds. Due to low solubility of busulfan in water, it was dissolved in 50% DMSO and it is unclear whether death was due to toxicity of busulfan or DMSO. Busulfan, is known to be very toxic and it kills a high percentage of treated mice within 30 d. Similarly, pigs injected with a large dose of busulfan (200 mg/kg of BW) died after 3 to 6 wk. The cause of death was attributed to death of hematopoietic stem cells and bone marrow depression (Bucci and Meistrich, 1987) . In birds, injection of 35 mg of busulfan/kg of BW into 7 Suqin96 roosters resulted in 2 deaths due to anemia (Yu et al., 2010) . It seems unlikely that the anemia was the cause of mortality in this trial, as bird's death was observed within 10 h of busulfan administration. No information was available for intraperitonial LD50 for DMSO in birds. Acute exposure of laboratory animals to DMSO demonstrated that it is a relatively nontoxic compound, with an oral LD50 of >20 mL/ kg for mouse and rat and intraperitonial LD50 of 15 to 18 g/kg for mouse (David, 1972 ; http://www.epa. gov/opprd001/inerts/dimethyl.pdf). Still, as injection of poorly soluble busulfan had to be performed in a large volume of DMSO (12.5 mL/kg) to achieve 60 mg/ kg of BW, it is possible that DMSO or a combination of busulfan and DMSO lead to bird death.
The discrepancies observed between current and previous studies could be due to differences in rooster development (mature vs. pubertal) or breeds (Suqin96, Sanhuang vs. White Leghorn) (Chen et al., 2009; Yu et al., 2010) . Also in previous studies, busulfan stock solution was produced at much higher concentration (20 mg/mL). Busulfan is almost insoluble in water (100 mg/L) and sparingly soluble in DMSO. Usual suggestion is to prepare 8 mg/mL in DMSO and dilute it 1:1 with water just before use to prevent precipitation (Gardner et al., 2004) . It is possible that the real concentration of busulfan achieved in previous studies was less than originally estimated.
Among treated roosters, only 2 birds in the 40+20-mg group produced plasma without sperm cells at the end of the trial. Histology of the testes revealed that only in one case there was a complete suppression of spermatogenesis. No other significant abnormalities in the internal organ development except for small size of the testes were found. Restoration of spermatogenesis in majority of the birds treated with high busulfan doses indicates that avian SSC might be more resistant to gonadotoxic effect of busulfan than murine SSC. Restoration also indicates that somatic environment of testes was not damaged even at high busulfan concentrations, and higher doses might be tested if mortality can be avoided.
Several approaches can be tested to mitigate the negative effects of higher busulfan doses. In mice, a diet lacking in vitamin A or co-injection of cytokines, such as interleukin 1, tumor necrosis factor α, granulocyte/macrophage colony-stimulating factor, and stem cell factor, or transplantation of normal bone marrow was shown to be protective (Kim et al., 1997) . Alternative approach that showed promise in current study was an application of busulfan in several doses. When the high dose of busulfan (60 mg/kg) was applied in 2 injections (40+20 mg), it did not affect viability of chickens during the observation period. Application of multiple doses also caused less physiological stress than single-dose application. For example, significantly higher weight gain was observed in the 20+20-mg group as compared with a single injection of 40 mg. At the same time, testicular weight in the 20+20-mg group was similar to 40-mg group, indicating effective suppression of spermatogenesis. The application of busulfan in 2 doses also seemed to result in more efficient sterilization because in 20+20-mg group the number of spermatozoa per ejaculate was 23% lower and spermatogenesis was delayed by 8 d compared with the 40-mg group. It may indicate the effectiveness of application of multiple small doses rather than single high dose which causes severe damage to the organism.
In conclusion, the most important findings of our study are a) high doses of busulfan (60 mg) did not result in permanent sterilization of roosters injected at pubertal period; single dose resulted in the death of all treated chickens, the same amount of busulfan applied in 2 doses resulted in the wide range of sterility indicating significant individual differences in physiological reaction to busulfan injection, b) the doses shown to be effective in mice did not have similar efficiency in birds, c) single doses tend to be more physiologically stressful and less effective than the double dose of the same total amount of busulfan. A wide range of variability in sterilizing effect achieved in our experiments indicates that chemical sterilization by intraperitonial injection of busulfan in chicken will require further optimization to achieve predictable and reliable results.
